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Reducing costs of Carbon Capture and Storage by shared reuse of existing pipeline -case study of a CO 2 capture cluster for industry and power in Scotland. 
Introduction
The target of limiting global mean temperature increase to no more than 2˚C suggests a significant role for Carbon Capture and Storage (CCS).
(1),(2) Its application is required to fossil fuel thermal (coal and natural gas) power plant, CO 2 separation in upstream hydrocarbon production, and industrial sources of 5 CO 2 including the manufacture of steel, cement, chemicals and petrochemical refining. (3) Globally, a small number (22 in 2015) of commercial scale CCS projects on power plant, upstream production and industry are in operation or under construction, the majority located in North America. (4)  10 At present, no commercial-scale CCS projects have commenced construction in the European Union (EU), though two gas processing projects using CCS during hydrocarbon production are in operation offshore of Norway. A small number of proposed CCS projects located around the North Sea are undergoing front-end engineering and design (FEED) work and awaiting 15 financial closure. (5) Some of these projects are in receipt of government funding and support, although capital support for key UK projects has recently (2015) been withdrawn. (6) Public funding support for early projects recognises their role both to develop and demonstrate CCS technology at commercial scale, and to establish transport and storage infrastructure 20 leading to reduced unit costs for subsequent CCS projects as part of a cluster of CO 2 sources making use of shared or paralleled CO 2 transport and storage.
The subsurface of the North Sea offshore of Scotland has extensive CO 2 25 storage potential in both depleted hydrocarbon fields and saline aquifers. This area holds the largest, best understood and most socially acceptable CO 2 storage capacity in Europe with over 50 billion tonnes capacity, (8) enough for several decades-worth of projected storage requirement for the whole EU. Developing this storage capacity together with infrastructure to access it, 30 therefore, has strategic importance to the UK and the whole of Europe. Although the scale of CO 2 emission in Scotland that might be captured and stored is relatively small in European terms, it is the role in commercialising this storage resource and making it available to other European states that gives the development of a Scottish CCS cluster international significance. 35
Modelling the cost-optimisation of CO 2 transport demonstrates the costsavings of shared pipelines. (9),(10),(11) Regional analyses in the UK (12), (13) , (14) Netherlands, (15) and France (16) identify the expansion of CCS through the creation of clusters utilising shared transport and storage 40 infrastructure as an efficient and cost-minimising approach to facilitating wider CCS deployment, especially for industry sources of CO 2 with generally lower emission volumes compared to power sources. These findings are evidenced by the recent development of CCS in the southern USA.
The CO 2 enhanced oil recovery (CO 2 -EOR) industry in the USA currently operates around 6,000 km of CO 2 pipeline, (17) Pipelines for CO 2 -EOR in North America have been purpose built, but it is also possible, subject to case-specific conditions, to convert natural gas or oil pipelines to carry CO 2 . As the output of mature hydrocarbon production regions start to decline, such conversions could present opportunities to re-30 use redundant oil and gas pipeline capacity for the reverse shipment of CO 2 either for CO 2 -EOR or CO 2 storage.
In Scotland, one such opportunity is the Feeder 10 natural gas transmission pipeline (formal asset name No.10 Feeder, described below). This connects 35 the St Fergus gas treatment terminal (Aberdeenshire) via a 280 km onshore route through eastern Scotland to the Avonbridge compressor station (West Lothian), in Scotland's Central Belt. With declining North Sea gas production the capacity of Feeder 10 has become redundant and the pipeline was identified, assessed and costed for CO 2 transport by the proposed UK CCS 40
Competition project at Longannet power plant, which lies close to it (the project was subsequently cancelled in 2011). (21) The route of Feeder 10 also runs close to a number of other operating and proposed power sector and industrial CO 2 emission sources.
Study aims
This work explores the potential for formation of an industrial capture cluster in Central Scotland and indicates the likely scale of investment required. 5
The work assesses the potential for the existing Feeder 10 natural gas transmission pipeline in Scotland to facilitate the creation of a CCS cluster by providing a trunk line for CO 2 transport linking existing and planned emitters in the Scottish Central Belt to CO 2 storage offshore North East Scotland. 10
The study uses publicly available emissions data to determine which industrial point source emitters might be best placed, in terms of location, scale and process type, to participate in a CCS project using Feeder 10 as the transport element. For a selection of example cases, order of magnitude capital cost 15 estimates are made for construction of CO 2 capture units, for connection to existing pipelines and for shared pipeline refurbishment costs.
Existing pipeline infrastructure
The development of a CCS cluster in Central Scotland could be facilitated by existing pipeline infrastructure that has already been identified and evaluated 20 for CO 2 transport. Feeder 10 is one of three existing high-pressure pipelines used to transport natural gas from the St Fergus gas treatment facilities in North East Scotland to Central Scotland; it forms part of the UK National Transmission System, National Grid's gas network. 
Methods
This analysis was carried out in three stages: 1. SPRI emission data was screened to identify sites with potential for industrial CCS projects based on criteria of CO 2 emission volume (≥ 0.1 30
Mt yr -1 ), distance from Feeder 8 or 10 and industry type.
2. For these selected sites, an estimate of potential capture rate and an order of magnitude estimate of capital cost for capture plant were made. 3. For these sites, potential routes for connection to Feeder 10 were 35 identified and an order of magnitude capital cost estimate made for these new links. This analysis was combined with Feeder 10 capacity information to give an overall assessment of the potential to form an industrial CCS cluster in Scotland, based on use of the existing pipeline, and its likely cost. 40 2.1 Analysis of emission data CO 2 emission data for 2014, company names and site addresses were extracted from the SPRI database; industry sector, and where appropriate, sub-sector were determined. Accurate locations of emission sources and the routes of Feeders 8 and 10 (22), (26) were plotted on a Google Map; an 5 extract is shown in Figure 1 . The perpendicular distance of each emitter from the nearest of these pipelines was measured. The distribution of emissions by scale, by sector and by location relative to the pipelines were determined, allowing selection of potential sites for industrial capture projects that could benefit from re-use of the existing pipelines (described in Sections 3.1 -3.3). 10
Capture rate and capture cost estimates
Capture rates and costs for potential capture projects were estimated with reference to a recent high-level review of CCS costs for UK industry carried out by the consultant Element Energy for the UK Government. (27) The proportion of total emissions available for capture was estimated depending 15 on the complexity of industrial facilities in three bands: combined heat and power (CHP) plant and general industry -100 %; gas/oil separation and treatment -75 %; refinery and petrochemicals -50 %. For each, a general efficiency for amine-solvent post-combustion capture of 90 % was applied leading to overall capture rates of 90 %, 67.5 % and 45 % respectively for the 20 three bands, based on total emissions.
Order of magnitude estimates of capital cost (CAPEX) at the 'total overnight cost' level (28) for potential capture projects were based on the reference case data given in the Element Energy review. (27) 'Total overnight costs' are 25 costs as if the project was completed 'overnight'. They include all project costs, including finance costs and owner's costs, as calculated up to the point of final investment decision, they do not include cost escalation or interest on debt during the capital expenditure period. (28) Costs for the reference cases, for 'N th of a kind' projects, were normalised to a 'Specific CAPEX' per tonne of 30 CO 2 capture capacity, given in Table 1 , with units of £ t(CO 2 ) -1 yr (pounds per [tonne CO 2 per year]). No costs were given in the review for capture projects on gas/oil separation and treatment plant, the costs for capture from CHP plant were used for these examples. These estimates should be treated cautiously, Element Energy note (27) that a lack of high quality studies and 35 numerous difficulties in arriving at their estimates mean the uncertainties in costs are likely to be greater than the differences between sectors. However, the closure of Longannet Power Station has been announced for 2016; (34) following this CO 2 emissions due to thermal power generation will be significantly lower and process industry sources will dominate Scottish point-sources emissions.
Location of emitters 5
The location map plotted for all the SPRI-listed sites with emission in 2014 above the reporting threshold, shows that the majority are situated in the Central Belt with other clusters in the north-east and around Dumfries in the south. Beyond these areas, a scatter of emitters from various industries includes only a few large emission sites. 
Emitters selected for study
Sites were selected for further study of costs for capture plant and pipeline connection by combining the emission data analysis and the location analysis. 15 The selection was made from the twenty-five largest emitters, listed in Figure  1 . Sites selected were those likely to have on-going emissions that were located with a distance from Feeders 8 and 10 likely to be practical for pipeline connection and where use of these pipelines would be advantageous.
Sites not meeting these criteria were Longannet Power Station (scheduled for 20 closure 2016); (34) Peterhead Power Station and two large emitters sited at St Fergus (no benefit from using Feeder 10, though having potential for CO 2 capture and connection to offshore transport and storage infrastructure); and eight emitters sited more than 40 km from the feeder pipelines. The thirteen sites selected are listed in Table 2 together with their emissions in 2014, 25 distances from Feeder 8 or 10 and derived data (see below).
Estimates of capture potential
The total CO 2 emission from these sites in 2014 was 5.68 Mt. Using the capture rates discussed in the methods section, the estimated annual capture potential was calculated for each emission site ( 
Estimates of capture costs
Order of magnitude cost estimates for CO 2 capture plant at the thirteen 5 selected emitters were calculated from the estimated capture potential and the specific capital cost per tonne of CO 2 capture capacity derived above (Table  1 ). The 'Specific CAPEX' used and the resulting estimates of capture project CAPEX are given in Table 2 .
Clustering options and cost estimates for pipeline networks 10
The position of the selected emission sites (shown in Figure 1 ) and their distances from Feeders 8 or 10 ( In addition to the costs of a collection network and new link to the existing pipelines, there would be costs for refurbishing Feeder 10 and converting it for use with CO 2 between Avonbridge and St Fergus. These costs have been estimated by the Longannet project FEED study (21) at £79 M and it is 10 assumed that users would share these costs in some manner to be agreed. This cost for refurbishment is substantially lower than the cost of building a new pipeline; using the NETL model, (32) the cost to replace the existing Feeder 10 with a pipeline of equivalent capacity between Avonbridge and St Fergus is estimated in the range £150-320 M, depending on design options. 15
Combined capture and transport costs
For the Grangemouth and Fife clusters identified, and the stand-alone option for the Dunbar cement plant, combining the estimated capital costs for capture of CO 2 and transport to St Fergus gives the following totals:
• Grangemouth cluster -£543 M for 2.1 Mt yr -1 . 20
• Fife cluster (including Upper Forth emitters) -£511 M for 1.7 Mt yr -1 .
• Dunbar cement plant -£119 M for 0.5 Mt yr -1 .
These totals include a share of the refurbishment cost for Feeder 10 in proportion to quantity of CO 2 transported, however, costs for use of Feeder 8 by Dunbar cement plant are not included as no estimates are available. 25
It should be emphasised that these costs are estimates of the initial capital expenditure only for the main elements of capture and transport, they are intended to indicate the scale of the 'barrier to entry' formed by the initial investment cost. They do not include operational costs or financing costs and 30
do not indicate project lifetime total costs.
Analysis and Discussion

Analysis
The results above show that the main hydrocarbon processing and petrochemicals facilities at Grangemouth have the most favourable 35 circumstances for establishing an industrial CO 2 capture cluster in Scotland.
They have the greatest concentration of industrial emissions and connection routes to Feeder 10 would be fairly short, using existing pipeline corridors without major geographic barriers. Although the sites are complex, even a relatively low capture rate from the refinery, petrochemicals plant and oil terminal, together with more predictable, higher capture rates from on-site CHP facilities, could deliver a volume of CO 2 captured in the order of 2 Mt yr -1 . There would be scope to increase this through developing the capture network by adding capture to further emission points in the main sites or 5 introducing capture projects at other, smaller emitters close by. This industrial cluster would also have strong synergy with the proposed CCEP CCS power project, which could link to the network with only a short additional section of pipeline (about 2 km). 10 Connection to Feeder 10 from capture projects at emitters in the Fife and Upper Forth areas with a new CO 2 network also appears attractive, but with greater connection distances involved and lower emissions it would be more expensive per volume captured and transported. There is also less scope for additional emitters to share the cost; there are no other large point-source 15 emitters in the cluster area with the exception of Longannet power station. If Longannet were to be redeveloped as a thermal generating station (no present plans, 2016) there may be potential for sharing costs, although depending on the scale, this may require provision of additional transport capacity. 20
Given the advantages of location and existing infrastructure described, these two industrial CO 2 capture clusters and transport networks appear readily achievable and could deliver a meaningful reduction in Scottish emissions with a total of around 3.7 Mt yr -1 CO 2 capture. This quantity represents just 25 over 7 % of total Scottish greenhouse gas emissions (2013 basis) and 38.5 % of reported Scottish large point-source CO 2 emissions, excluding the main fossil fuel power stations (Longannet and Peterhead). There would be some scope to increase this capture quantity, particularly in the Grangemouth area. 30
This volume of CO 2 would take up the estimated capacity of Feeder 10 when reused for gas-phase transport without investment in additional intermediate compression.
If that additional investment were made to double the capacity of Feeder 10 to 7 Mt yr -1 CO 2 , it would give capacity (within the accuracy of these estimates) for both the industrial capture networks and for the proposed 35 CCEP, which plans to capture 3.8 Mt yr -1 CO 2 . This project would fit well with the potential Grangemouth industrial capture cluster, in terms of both the position of the site to share costs of new pipelines and in sharing the capacity of Feeder 10. This would suggest that a coordinated approach and negotiated method of sharing investment in pipeline costs might be necessary to avoid 40 unfairly penalising specific projects. Given the uncertainty of timing in the need to upgrade Feeder 10 capacity, even in a favourable environment for CCS projects, it would be useful if a modular approach to upgrading Feeder 10 capacity could be used, for instance by adding new intermediate compression stations sequentially. It should be noted that the suggestion of a gas phase CO 2 capture network is relevant here due to the existence of the Feeder 10 pipeline, which is limited to carrying CO 2 in the gas phase. 5
However, if both a new trunk line and a new collection network were needed costs would most likely be lower if designed for liquid CO 2 conditions.
Scenarios for cluster development
A number of scenarios can be envisaged by which industrial CCS in Central Scotland and the proposed CCEP CCS power project could be developed 10 together, using the existing pipeline, Feeder 10, for transport of CO 2 to St Fergus with onward offshore transport and storage in the North Sea. Given the limitations of the pipeline capacity, and the potential for its expansion (23) it is useful to examine how the pipeline might best be utilised. 15 Figure 2 shows estimated CO 2 capture quantities for four scenarios of industrial CCS development, each with and without the addition of the first proposed phase of CCEP development, set against the potential capacity limitations of Feeder 10 with sequential investment in expansion. 20
The four scenarios in Figure 2 are: 1. The Grangemouth industrial CCS cluster at the restricted capture rates described above, taken as a baseline. 2. The Grangemouth industrial CCS cluster with overall capture rates from the five largest emitters developed to average 90 % of total 25 emissions. This further suggests value in investigating the potential for converting gas supply pipelines in other regions of Europe for CO 2 transport connecting clusters of emitters to storage sites. This could be particularly relevant for inland emitters where new pipeline development could prove controversial and costly. Such an approach might facilitate more rapid CCS deployment as 10 gas supply pipelines typically connect areas of high emissions to gas producing regions where depleted fields, existing subsurface knowledge and higher chance of public acceptance increase the likelihood of efficient and cost-effective CO 2 storage delivery. (36)
Implications of results for decarbonisation 15
The total indicative capital cost for these capture and transport infrastructure developments, at around £1 billion (Section 3.7), leading to CO 2 emissions reduction of around 4 Mt yr -1 , appears competitive with current investment to enable expansion in low-carbon renewable capacity. For example, the recently completed (2015) Beauly to Denny power transmission line facilitating 20 expansion of renewable generation in highland Scotland at a capital cost of around £800 million enables power generation emissions reduction of around 1-2 Mt yr -1 CO 2 .
To date, major CCS projects in the EU have not secured investment. EU 25 capital support grants have been allocated, but the low and unstable EU Emissions Trading System carbon price, which for industrial emitters is partially derogated, has not given appropriate incentive to invest. Feed-inTariff subsidies for low-carbon electricity generation have been proposed, primarily in the UK, but no funding model for industrial CCS has been 30 developed. A recent analysis (37) prepared for the Teesside Collective feasibility study favoured two models: an 'Emitter Contract-for-Difference', in essence a low-carbon production premium using a subsidy adjusted against the carbon price; and a 'Storage Driven' approach, where a transport and storage infrastructure provider (or 'market maker' (38)) charges a usage fee to 35 emitters based on CO 2 volume handled.
In both cases, funding for the development of CO 2 infrastructure should recognise the wider, long-term benefit of the investment and not be assessed solely as part of a single project or an early-stage cluster. Here, UK electricity 40 transmission developments provide a practical example: they are funded from a system-wide levy rather than having costs allocated solely to the generator or consumer who immediately benefits. In recognition of its importance, funding for CO 2 infrastructure development should follow a similar model, perhaps by hypothecating a relevant proportion of the nationally retained carbon tax revenues. 5
The development of industrial CCS is crucial to achieving economy-wide decarbonisation in line with Scottish, UK and EU mitigation targets, and global climate mitigation ambitions. Early regional support and investment in industrial CCS could protect the economic and social value of existing energy-10 and carbon-intensive industries that are expected to become increasingly exposed to emissions reduction policies as EU carbon market reforms are enacted (39) and carbon markets introduced in other major economic regions.
(40) The provision of industrial CCS infrastructure leveraging the existing pipeline asset in Central Scotland could provide a regional advantage in 15 allowing early, low-carbon industrial development and attracting investment from industries looking to reduce their exposure to emissions liabilities.
Moreover, the combination of Feeder 10 onshore and the existing offshore infrastructure give a unique importance to the deployment of industrial CCS in 20
Central Scotland, beyond its local regional impact, owing to the role this has in unlocking the commercial development of the European-scale storage resource in the Central North Sea. In initial stages CO 2 from continental Europe would most economically and flexibly be delivered by ship. Peterhead port has been favourably assessed for development of a CO 2 import terminal, 25 (41) and direct ship delivery to offshore offloading facilities has also been suggested. (42) Longer-term, subject to sufficient demand, pipelines could be developed connecting major storage formations to continental export hubs. (43) 5 Conclusions 30 CCS is widely recognised as a technology necessary to achieve, at least cost, regional, national and EU targets for CO 2 emission reduction. The Central North Sea is considered to be a major resource for CO 2 storage, but outwith Norway, CCS projects have yet to be delivered. This study explores and calculates indicative costs for the use of the existing Feeder 10 natural gas 35 pipeline, already evaluated for CO 2 transport, to facilitate the formation of a CCS cluster in Scotland. We identify a potential capture volume of 4.2 Mt yr -1 CO 2 from thirteen selected industrial sites, amounting to 74 % of the total emission of these sites, which are large emitters located <40 km from Feeder 10 in Fife, the Firth of Forth area and at the Grangemouth petrochemicals complex.
Capital costs of carbon capture plant at individual sites are estimated ranging from £32-163 M, giving a total of £983 M for all thirteen sites. Capital costs for 5 pipeline connections to Feeder 10 are estimated considering two collection networks, one for Grangemouth (£20 M) and one connecting emitters in Fife and the upper Forth area (£72 M). The previously estimated cost of refurbishing Feeder 10 for CO 2 transport is £79 M, compared to a replacement cost estimated here of £150-320 M. 10
The scale of CO 2 capture potential from industry is found to be compatible with the basic capacity of 
20
This work shows that the presence of an existing pipeline available for reuse with CO 2 can bring direct savings to CCS projects. It also shows that the capital costs due to transport infrastructure form a relatively small proportion (10-20 %) of the total when several projects share costs. Combined with the presence of existing offshore infrastructure available for reuse with CO 2 in the 25
North Sea and the potential for value generation through CO 2 utilisation in enhanced oil recovery (not detailed in this work) these factors make a strong case for initiating a CO 2 capture cluster and transport network development in Central Scotland. 30
